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This  report  describes  a  theoretical  approach  to  the  analysis  of  the  force 
distribution  in  fully  inflated  parachute  canopies  based  upon  the  inflated  gore 
mainseam  shape.  Normal  and  tangential  forces  for  any  arbitrary  point  along  the 
gore  mainseam  can  be  determined  and  the  magnitude  and  location  of  the  maximum 
normal  force  and  cloth  stress  evaluated.  Methods,  criteria,  and  rationale  for 
calculating  the  force  distributions  are  presented. 
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INTRODUCTION 

The  complexity  of  analyzing  the  force  distribution  in  a  parachute  is  as 
much  a  psychological  problem  as  it  is  technical.  Faced  with  the  many  angles, 
surfaces,  radii  of  curvature,  and  three  dimensional  awesomeness  of  the  inflated 
parachute  structure,  the  engineer  can  at  first  feel  overwhelmed.  With  this  in 
mind,  I  have  attempted  to  devise  a  simple  method  of  analysis.  The  technique  is 
derived  from  the  "law  of  strings"  and  is  based  upon  the  premise  that  the 
parachute  inflated  shape  is  developed  from  the  interaction  of  the  canopy-gore 
shape,  the  suspension-line  length,  and  the  applied  aerodynamic  forces. 

The  forces  in  the  canopy  cloth  are  transmitted  through  the  gore  main3eams 
and  suspension  lines  to  the  attached  payload.  The  inflated  shape  of  the 
mainseam-suspension  line  system  is  caused  by  a  distribution  of  forces  which  are 
normal  to  the  mainseam  at  all  points  along  the  arc  from  the  canopy  hem  to  the 
vent.  While  the  normal  force  distribution  along  the  canopy  mainseam-suspension 
line  system  cannot  be  directly  measured,  we  can  record  the  effects  of  the  normal 
force  distribution;  i.e.,  the  inflated  mainseam-suspension  line  system  shape. 
Once  the  geometry  of  the  inflated  mainseam  shape  has  been  determined 
theoretically  the  rest  of  the  parachute  canopy  may  be  temporarily  discarded  and 
the  normal  force  distribution  required  along  the  mainseam  in  order  to  yield  the 
particular  inflated  shape  calculated. 

A  coordinate  system  related  to  the  tangent  angle  between  the  gore  mainseam 
and  the  parachute  center  line  is  used  to  calculate  the  magnitude  of  the  canopy 
normal  force,  tangent  force,  and  the  coordinates  of  application.  At  this  point 
the  parachute  canopy  is  reintroduced  into  the  analysis,  and  the  force 
distributions  in  the  canopy  surface  calculated  at  any  arbitrary  point,  maximum 
loads  determined,  and  the  variation  of  canopy  geometry  on  forces  assessed. 

Methods  for  analysis  of  the  canopy  geometry  and  force  distributions  are 
presented,  and  a  method  of  estimating  a  static  canopy  pressure  distribution  is 
suggested . 

CANOPY  STEADY  STATE  INFLATED  SHAPE 

One  analysis  requirement  is  that  the  coordinates  of  the  inflated  mainseam 
and  the  slope  of  the  tangent  to  the  coordinates  be  known.  This  can  be 
accomplished  from  photographs  by  the  use  of  descriptive  geometry  or  by  the 
methods  of  References  1,  2,  or  3.  Reference  1  presents  methods  for  determining 
inflated  gore  coordinates  and  angles.  References  2  and  3  demonstrated  that  the 
steady  state  inflated  gore  mainseam  shapes  of  several  parachute  types  consist  of 
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two  elliptical  sections  of  common  major  diameter,  21,  and  different  minor 
diameters  b  and  b'.  The  generalized  inflated  gore  mainseam  is  illustrated  in 
Figure  1,  and  scale  factors  for  determining  the  inflated  shape  are  reproduced 
from  References  2  and  3  in  Tables  1  and  2.  The  canopy  shapes  of  References  2 
and  3  are  to  be  used  in  the  analysis  as  they  permit  the  expression  of  the 
inflated  shape  as  y  =  f(x)  and  the  slope  angle  (3  =  f'(x),  but  the  analysis  is 
not  limited  by  this. 

LOAD-LINE  CONCEPT 

The  aerodynamic  drag  force  exerted  by  the  parachute  is  a  predictable  and 
measurable  quantity.  The  equilibrium  between  the  applied  aerodynamic  forces, 
the  geometry  of  the  canopy  gores,  the  suspension-line  length  and  confluence 
point  define  a  particular  parachute's  characteristic  steady  state  inflated  shape 
and  transient  shape  during  the  inflation  process.  Therefore,  it  seems 
reasonable  to  assume  that  if  applied  distributed  forces  determine  a  parachute's 
inflated  shape  that  the  converse  should  be  possible.  That  is,  when  the  shape  of 
the  gore  mainseam  is  known  the  force  distribution  which  produces  this  shape  can 
be  analytically  determined. 

The  "load-line"  concept  is  proposed  as  an  aid  to  visualizing  the  problem. 
The  gore  mainseam-suspension  line  assembly  is  theoretically  replaced  by  a  single 
"load  line"  having  the  identical  inflated  shape  and  anchored  at  points  A  and  B 
of  Figure  2.  Theoretically  the  parachute  canopy  may  now  be  temporarily 
discarded.  Upon  determination  of  the  normal  forces  and  load  distribution,  the 
forces  into  the  canopy  cloth  from  the  load  line  can  be  calculated  at  any 
arbitrary  point,  maximum  forces  determined,  and  the  variation  of  canopy  geometry 
on  forces  assessed. 


NORMAL  FORCE  DISTRIBUTION  ALONG  THE  LOAD  LINE 

The  X-Y  coordinate  system  is  illustrated  in  Figure  1.  Relative  to  this 
coordinate  system  the  inflated  canopy  shape  is  defined  by  equations  (1)  and 
(2).  It  should  be  noted  in  all  calculations  that  for  values  of  X  greater  than 
zero  the  minor  axis  b'  must  be  utilized,  and  for  values  of  X  less  than  zero  the 
minor  axis  (b)  must  be  utilized. 


The  parameter  of  variation  in  the  analysis  is  the  tangent  angle  (3.  The  angle  (3 
varies  between  defined  limits  from  I30  at  the  canopy  hem  to  the  vent  angle 
3V ,  which  is  determined  by  the  type  of  parachute,  i.e.,  flat,  conical,  etc. 

For  a  flat  type  of  parachute,  the  load  line  is  perpendicular  to  the  parachute 
center  line  at  the  vent,  i.e.,  the  X  axis  of  the  system. 


HEM  COORDINATES 
X  =  N-b 


FIGURE1.  PARACHUTE  STEADY  STATE  INFLATED  SHAPE 
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TABLE  I.  SUMMARY  OF  PARACHUTE  SHAPE  TEST  RESULTS 
FOR  12-GORE  AND  16-GORE  CONFIGURATIONS 


t  6  k' 

I  1  *  s 


25  37 

100  147 

300  293 

25  37 

100  147 

200  203 


.710 

£43 

.707 

.540 

.710 

£47 

.750 

£00 

.720 

£57 

.775 

£92 

667$ 

9657 

1  5783 

6  >69 

8163 

1  4332 

1  0006 

9080 

1  9065 

0120 

9380 

1.8509 

.6566 

.8735 

1.630 

6666 

.8735 

1.530 

6566 

8735 

1.530 

6004 

.8890 

1  4894 

.6004 

£890 

1  4894 

6004 

£890 

14894 

6559 

.8788 

1.5326 

.6558 

.8768 

1.5326 

.6558 

£768 

1  5326 

£570 

£578 

1.4148 

.5570 

£578 

1.4148 

£570 

£578 

1.4148 

£867 

1.2776 

2.1643 

£867 

1.2776 

2.1643 

£867 

1.2776 

21643 

6494 

1.2512 

21006 

£494 

12512 

2.1006 

.6494 

1.2512 

2.1006 

REPRODUCED  FROM  REFERENCE  2 


TABLE  2.  SUMMARY  OF  PARACHUTE  SHAPE  TEST  RESULTS 
FOR  24-GORE  AND  30-GORE  CONFIGURATIONS 
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The  presence  of  a  force  normal  to  the  load  line  results  in  a  change  in 
direction  of  the  load  line  and  the  force  tangent  to  the  load  line.  The  force 
diagram  for  a  small  change  in  (1  is  illustrated  in  Figure  3  between  two  arbitrary 
points,  (xj,  yi)  and  (x2,  y2)* 

As  dfi  approaches  zero  the  summation  of  the  normal  forces  over  the  arc 
length,  dt,  approaches  EFfj  and  is  assumed  to  be  applied  at  the  coordinate 
(Xjj,  YN).  The  coordinate  (Xjj,  Yjj)  is  located  between  the  two  arbitrary 


FIGURE  3.  FORCE  DIAGRAM  AT  AN  ARBITRARY  POINT  ALONG  THE  LOAD  LINE 

points  and  makes  equal  angles  dfi/2  with  the  tangential  force  of  each  coordinate 
point.  The  construction  of  the  normal  at  equal  deflection  angles  is  equivalent 
to  assuming  a  constant  tension  along  the  load  line.  This  seems  reasonable  as  dB 
approaches  zero.  A  simplified  force  system  is  shown  in  Figure  4. 

The  important  conclusion  of  Equation  4  is  that  the  normal  force 
distribution  as  a  percentage  of  the  suspension-line  load  Fj  is  dependent  only 
upon  the  angular  change  dfi.  For  a  constant  dfi  along  the  load  line  the  normal 
force  distribution,  EFfq/Fi,  is  constant  and  is  the  same  for  all  types  of 
parachutes.  The  load  line  loading  in  pounds  per  unit  of  arc  length  varies  along 
the  load  line  as  the  subtended  arc  length  varies  for  a  constant  angular  dfi.  The 
highest  unit  loading  occurs  in  the  region  of  the  maximum  inflated  diameter  where 
di/dfi  is  a  minimum.  The  theoretical  discontinuity  of  the  normal  force 
distribution  at  the  maximum  diameter  is  caused  by  the  substitution  of  b  for  b' 
in  the  elliptic  inflated  shape  (Equation  l). 
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FIGURE  4.  SIMPLIFIED  FORCE  SYSTEM 


LOADING  PER  UNIT  ARC  LENGTH 

The  variation  in  the  inflated  load-line  shape  and  suspens ion- 1 ine 
confluence  angle  among  the  several  types  of  parachutes  accounts  for  different 
loadings  per  unit  length  even  though  the  normal  force  distribution  is  the  same. 
Figure  5  compares  the  inflated  shapes  of  the  16-gore  Ribbon  Parachute  and  the 
W/L  =  0.264,  16  suspension  line  Cross  Type  Parachute  of  Reference  2  for  equal 
drag  areas.  For  a  given  dynamic  pressure,  the  following  conclusions  may  be 
drawn: 


1 


a.  The  steady  state  drag  forces,  Fp,  of  the  Cross  and  Ribbon  Parachutes 
are  equal. 

b.  The  suspens ion- 1 ine  loads,  F^ ,  are  slightly  different  due  to  the 
variation  in  0o. 

c.  The  ratio  of  normal  force  to  suspens ion- 1 ine  load,  EF^/Fi,  is 
identical  for  both  canopies  for  a  constant  dB  as  shown  by  Equation  (4).  In 
order  to  calculate  the  unit  arc  length  loading  in  pounds  per  inch,  it  is 
necessary  to  calculate  the  arc  length  between  the  chosen  limits.  It  is  not 
necessary  to  calculate  the  entire  arc  length  to  determine  local  loading.  Only 
the  local  arc  length,  dl,  over  the  angular  change  dB  need  be  considered.  Two 
methods  are  available.  One  method  of  accomplishing  this  is  to  express  the  x  and 
y  coordinates  as  a  function  of  (3  as  13  varies  from  B0  at  the  skirt  hem  to  the 

Bv  at  the  vent.  The  elliptic  shape  (Equations  (1)  and  (2))  is  restated  to 
present  the  x  and  y  coordinates  as  functions  of  B,  the  appropriate  minor 
diameter,  and  the  semi-major  diameter. 
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V1  +  tan2fl  (-b)  2 

and 

(XL,  Yt)  =  f(BL) 

(X2,  Y2)  =  g(Bl  -  dfl) 
(XN,  Yn)  =  hOJi  -  |®) 


With  reference  to  Figure  6,  the  elliptic  arc  length  between  and  R2  can  be 
determined  as  follows. 


FIGURE  6.  COORDINATE  SYSTEM  FOR  ELLIPTICAL  ARC  LENGTH 


f 


H  9. 


+  2  H, 
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from  Equation  (2) 


from  Equation  ( 1 ) 


X2 


therefore 


and 


/ 

‘1 


di  -i 


b'2-x2 


dx 


(7 


where  xj  and  X2  are  determined  from  Equation  (5).  Equation  (7)  can  be  used 
to  calculate  the  total  arc  length  from  the  canopy  hem  to  the  maximum  diameter 
and  from  the  maximum  diameter  to  the  vent  by  using  appropriate  b  or  b'. 

Total  arc  lengths  calculated  by  Equation  (7)  have  varied  from  measured  arc 
lengths  as  much  as  6  percent.  Some  of  the  reasons  for  this  are: 

a.  Canopy  shape  may  not  be  truly  described  by  y  =  f(x). 

b.  Effects  of  elongation  due  to  F^,  may  not  be  fully  accounted  for. 

c.  Errors  in  measurement  may  exist  when  taking  canopy  shapes  from 
relatively  small  photographs. 
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The  effects  of  the  above  ;aao  s-,.:  minimized  when  translating 

inflated  mainseam  measurements  co  u-;w'  coordinates  by  using  percentages 

of  mainseam  length.  For  example,  t't  ,  r._  width  at  40  percent  of  the  mainseam 
length  should  be  the  same  as  the  drawing  layout  even  though  the  measured 
mainseam  is  in  error  by  a  small  amount. 

The  second  method  can  be  used  to  estimate  short  arc  lengths  witli  a  desk 
calculator.  The  appropriate  limits  of  :<j  and  xo  are  again  determined  from 
Equation  (5)  and  the  y  coordinates  from  Equation  (1)  then 

X2 _ 

dl  =  t  X2~X  i )  '  +  ( Y->-Y  i )  --  (8) 

The  arc  length  can  be  calculated  to  any  desired  accuracy  by  successive 
iterations  of  Equation  (8)  and  subdividing  the  constant  arc  length  dH  to 
smaller  Ax  and  Ay.  This  was  the  method  used  to  calculate  the  load-line 
loading  per  inch  of  arc  length  IF^j/FidH,  in  Figures  7  and  7A.  Angles 
ISN  were  selected  at  1°,  10° ,  20°  ...  80°  and  90°  and  arc  lengths  calculated 
over  the  8  range  of  +  1  degree. 

Comparison  of  the  Cross  and  Ribbon  Parachute  loadings  illustrates  that  the 
elliptic  nature  of  the  Ribbon  Parachute  causes  a  wider  variation  in  loading  per 
inch  of  arc  length  than  the  more  nearly  hemispherical  Cross  Parachute  for  the 
same  load  line  normal  force  loading,  EF^F^.  The  maximum  normal  forces 
occur  at  the  maximum  inflated  diameter  for  both  parachutes.  A  truly 
hemispherical  canopy  would  have  constant  normal  force  and  unit  loading  over  the 
canopy.  The  minimum  unit  load  line  forces  occur  in  the  parachute  vent  area. 
However,  in  Figures  16  and  17,  the  maximum  canopy  cloth  stresses  are  shown  to 
likely  occur  in  the  vent  area. 

COMPARISON  OF  THE  NORMAL  FORCE  DISTRIBUTION  ALONG  THE  LOAD  LINE  AND  THE  DRAG 
FORCE  PER  SUSPENSION  LINE 

If  the  developed  normal  force  distribution  is  a  realistic  analysis,  the 
parachute  drag  force  per  suspension  1 ’ ne ,  Fq/Z,  must  be  equivalent  to  the 
summation  of  the  axial  components,  EF A,  of  the  normal  forces  at  each  8^. 

Figure  8  illustrates  the  force  diagram  used  for  the  normal  force  summation. 

Fa  =  ZFNCos(90°-8N)  (9) 

«F 

FA  =  r.  [  FNCos(90°-8N)  :  =  (da) 


—  =  F1  Cosfl0 


(9b) 
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0  =  0 


FIGURE  7 A.  CANOPY  LOAD-LINE  NORMAL-FORCE  DISTRIBUTIONS  AS  FUNCTIONS  OF  d,  FOR 
THE  16  SUSPENSION  LINE  CROSS  PAR  ACHUTF 
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zfn 


Fn  =  2Fl  sin 


Therefore , 


«f 

£FA  =  L  [ 2Fj  sin  ill  Cos(90-Rn)]  =  Fj  Cos  (Jo 

H  2 


ZFA  =  l  [2  sin  III  Cos(90-Rfj)]  =  CosBo 
®i  2 


As  an  example  let  R0  =  18°,  and  dR  =  2°. 
Then  the  first  &N  =  ^i 


R{  =  (3f,j  =  Rg 


_  dR 
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and  the  final  8^  =  Op 

Op  =  -(0V  -  22) 


Op  =  -(90°  -  1°) 

Op  =  -89° 

-89° 

£FA  =  £  [2  sin  22  Cos(90-QN)]  =  CosOq 

17°  2 

-89° 

0.0349  £  Cos(90-flN)  =  CosOq 

17° 

The  summation  of  the  Cos  (90  -  0^)  for  each  8jg  from  17  to  -89  degrees  was 
performed  in  the  manner  of  Table  3.  The  summation  is  not  quite  FR/Z  due  to 
the  numerical  integration.  The  percent  error  induced  by  the  numerical 
integration  for  a  dll  of  2  degrees  is: 

Percent  error  m  0^95 106  -  x  100 

0.95106 


Error  =  0.014% 

The  following  important  points  should  be  noted: 

a.  The  minus  sign  in  the  Cos  (90  -  0^)  summation  refers  to  the  direction 
of  the  axial  force  component. 

b.  The  axial  force  summation  is  independent  of  the  suspens i on- 1 ine  force, 
F  i ,  the  load-line  inflated  shape,  and  the  parachute  diameter. 

Conclusion : 

This  approach  to  normal  force  distribution  is  reasonable  because  it  meets 
the  criteria  of  the  aerodynamic  drag  force  being  equal  to  the  summation  of  the 
normal  force  components  along  the  load  line. 

DETERMINATION  OF  THE  FORCE  TANGENT  TO  THE  BILLOWED  CLOTH  AT  THE  LOAD  LINE 

Now  that  the  force  per  unit  length  along  the  load  line  has  been  determined 
as  a  function  of  0^,  the  force,  F^,  tangent  to  the  billowed  cloth  at  the 
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TABLE  3.  NUMERICAL  INTEGRATION  OF  AXIAL  FORCE 


Cos  <90-^n  ) 

-Cos  (9O-0n) 

17 

0.29237 

0.29237 

15 

0.25882 

0.55119 

13 

0.22495 

0.77614 

11 

0.19081 

0.96695 

9 

0.15643 

1.12339 

7 

0.12187 

1.24525 

5 

0.08716 

1.33241 

3 

0.05234 

1.38475 

1 

0.01745 

1.40220 

-1 

-0.01745 

1.38475 

-3 

-0.05234 

1.33241 

-5 

-0.08716 

1 

1.24526 

1 

1 

1 

T 

1 

-85 

-0.99619 

-25.24867 

-87 

-0.99863 

-26.24730 

-89 


-0.99985 


-27.24715 
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load  line  can  be  resolved.  The  canopy  is  reintroduced  to  the  analysis  and  the 
canopy  geometry  is  illustrated  in  Figure  9  for  an  arbitrary  point  (X^,  Yn,  Rn )  ■ 
The  plane  of  analysis  passes  through  the  arbitrary  point  perpendicular  to  the 
slope  of  and  passes  through  the  parachute  center  line.  At  the  point  XN, 

Yn  the  force  balance  is: 


2FjCos^ 


2d!Cos$  in 


MINIMUM  TANGENTIAL  FORCE 

Inspection  of  Equation  (10)  shows  that  the  tensile  force  in  the  cloth, 

Ft,  decreases  as  0  approaches  0  degree,  and  is  a  minimum  at  0=0°.  The  angle  0 
is  a  function  of  iji,  iji',  8  and  Bn,  with  reference  to  the  geometry  of  the 
section  through  Xn,  Yn,  at  Bn  of  Figure  9. 

♦  =  90-t 

t  =  0  -  <|>' 

$  *  90  -  0  +  *'  (11) 


therefore 


<»  =  0 


0  a  90  +  =  0' 


(11a) 


To  find  i|>' 


f  =  Yn  sin  <l< 
f  =  A  sin  <|>' 


(12a) 


FIGURE  9.  BILLOWED  GORE  GEOMETRY  FOR  AN  ARBITRARY  POINT  ON  THE  LOAD  LINE 
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where 


COSOjyJ 


( 12b) 


Y  si mli' 

~FZ7T~  =  YNsin* 

C  os  <3 


Ain4>'  =  Sin^CosB^j  (13) 

iV 1  =  sin-1(Sin  U<  Cos  (3^)  (13a) 


and  4-  is  a  function  of  the  number  of  gores  in  the  parachute. 


24-  =  3  60° 

7. 


=  180° 
Z 


V  *  =  sin  1  (sial^.?.CosBN)  (13b) 


At  the  condition  of  0  =  0  degree,  the  inflated  gore  geometry  is  as  shown  in 
Figure  10.  The  billowed  cloth  in  the  gore  is  denoted  by  C'. 

The  theoretical  shape  of  a  "minimum  cloth  stress"  gore  design  is  compared 
to  a  conventional  gore  design  in  Figure  11  for  a  Flat  Circular  Parachute  of 
D0  =  30  feet  and  30  gores.  The  minimum  stress  con f igura t i on  is  based  on  the 
assumption  that  the  profile  shape  of  the  gore  mainseam  remains  unchanged,  but 
realizing  that  the  inflated  shape  may  modify  to  a  new  profile.  Use  of  cloth 
dimensions  greater  than  C'  are  likely  to  cause  a  condition  wherein  the  excess 
cloth  between  successive  gores  support  each  other  and  produce  an  area  of  large 
local  radius  of  curvature  as  in  Figure  12.  Therefore,  the  optimum  cloth  angle 
is  somewhat  larger  than  180°,  as  usually  stated,  by  an  additional  24-',  and 
varies  with  location  along  the  gore  length.  The  properties  of  the  "minimum 
cloth  stress"  gore  design  are  illustrated  in  Figure  13. 

In  Figure  12,  it  was  shown  that  excessive  billow  is  undesirable. 
Therefore,  a  summary  of  the  possible  billow  configurations  and  their  effects 
upon  design  would  be  helpful. 
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VERY  LARGE  LOCAL  RADIUS 
OF  CURVATURE  DUE  TO 
EXCESS  CANOPY  CLOTH 


FIGURE  12.  EFFECT  OF  EXCESS  CLOTH  BILLOW  ON  RADIUS  OF  CURVATURE 


2</"  DEG 
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Ft  = 


ijj 

in 


(15 


At  the  arbitrary  coordinates  (XN,  YN,  the  width  of  the  gore 

pattern  C  is  known.  This  width  can  be  compared  to  the  theoretical  gore  widths 
required  for  28  =  180  degrees  and  28  =  180  +  24'1  degrees.  Table  4  list  ; 
the  possible  configurations  and  effects.  With  reference  to  Figure  15 

C  =  2  r  8 


when  28  =  180  degrees  =  i  radians 


then  r  -  f 


f  =  Yfjsimli 

c180  =  Ns  ( 16 

TANGENTIAL  FORCE  IN  THE  CANOPY  CLOTH  AT  AN  ARBITRARY  POINT  ON  THE  LOAD  LINE 

The  cloth  tangent  force,  Ft,  can  be  determined  at  any  arbitrary  point 
along  the  load  line  in  the  following  manner: 

a.  Assume 

b.  Calculate  from  Equation  5,  and  Yfj  from  Equation  fi . 

c.  Calculate  the  load-line  arc  length  from  the  canopy  vent  or  hem  to  the 
coordinates  under  study,  from  Equation  7  or  8. 

d.  Determine  the  gore  width,  C,  from  the  gore  pattern  for  the  ma inseam  an 
length  determined  in  step  c.  See  Figure  11. 

Then  with  reference  to  Figure  9: 


C  =  2  r  8 


f  =  rsin8 

C_  =  _ 9_ 

2  f  s  in8 


(12 


where  f  =  Ym  si 


180 
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TABLE  4.  BILLOW  CONFIGURATIONS  AND  EFFECTS 


CONFIGURATION 


EFFECT 


RADIUS 

CENTER 

BELOW 

CHORD 


C  "  C180 


RADIUS 

CENTER 

ON 

CHORD 


MINIMUM  CANOPY 
CLOTH  STRESS 


RADIUS 

CENTER 

ABOVE 

CHORD 


C>C’ 


EXCESS  BILLOW 
CONDITION  OF  FIGURE  12 


C  <2f 


NO  BILLOW 

HIGH  CANOPY  CLOTH  STRESS 
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26  -  180 
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and  the  angle  9  is  estimated  from  Figure  15.  Vary  9  from  the  estimated 
value  until  the  calculated  value  of  9/sin9  =  C/2f. 


therefore  r  =  £_ 

29 


(18) 


V 


sin 


Cosily] 


( 13a ) 


then 


♦  »  90  -  9  ♦  <|»' 


(11) 


£Fn  =  2FX  sin  lb 


(4) 


IFN  = 


2fd 

ZCosI30 


sin 


dft 


lb 


e.  Calculate  the  arc  length,  dl,  from  (3^  -  ii§.  to  f3]sj  +  using 

2  2 

the  method  of  Equation  8. 


Ft  =  zfn  lb 

J  2diCosct>  in 


(10) 


Figure  16  is  reproduced  from  Reference  4  and  illustrates  the  shape  and 
billow  of  an  inflated  gore.  The  increase  in  the  angle  $  at  the  various 
sections  between  the  skirt  hem  and  vent  is  evident.  In  the  vent  area  the  cloth 
tangent  force  can  be  greatly  affected  by  large  <J>  angles  as  shown  in  Figure 
17.  This  points  out  the  importance  of  canopy  billow  in  the  vent  area. 

Inflated  canopies  are  sometimes  seen  to  vibrate  in  that  the  adjacent 
mainseams  spread  apart  and  then  approach  each  other.  These  excursions  may  be 
small,  but  are  bound  to  have  an  effect  on  the  cloth  tangent  force,  especially  in 
the  vent  area.  The  effects  can  be  investigated  by  assuming  a  change  in  the 
central  angle  i|>  by  an  increment  +  d^  and  recalculating  the  resulting 
geometry  and  loads.  Assume  that  the  load-line  inflated  shape  is  constant,  or 
appropriate  changes  in  the  load-line  shape  can  be  introduced. 
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ows/o 


SUSPENSION  LINE 


FIGURE  16.  SHAPE  OF  AN  INFLATED  GORE  REPRODUCED  FROM  REF.  4 


CLOTH  TANGENT  FORCE  MULTIPLICATION  FACTOR, 
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FORCE  RESOLUTION  IN  THE  CANOPY  CLOTH  OF  SOLID  CLOTH  PARACHUTES 

Solid  cloth  parachute  canopies  are  usually  constructed  of  gore  sections 
which  are  either  bias  cut  or  block  cut  as  shown  in  Figure  18.  The  magnitude  of 
the  force  components  resisted  by  the  canopy  cloth  depends  upon  the  geometric 
orientation  of  the  warp  and  fill  directions  in  the  cloth  relative  to  the  force, 
F-p,  which  is  tangent  to  the  cloth.  In  the  case  of  bias  cut  gores  the  force 
components  are: 


Fci  =  FT 

s  in 

u 

(19) 

fc2  =  fT 

cos 

V 

(20) 

where 

u  =  45°  - 

-  * 

(21) 

and  for 

block  cut  gores: 

Fc3  =  fT 

Cos 

(22) 

fc4  =  fT 

sin 

ii 

(23) 

While  the  force  level  in  the  cloth  is  dependent  on  a  number  of  variables,  it  is 
also  a  function  of  the  number  of  gores  in  the  canopy.  The  variation  of  force 
levels  due  only  to  variations  of  the  number  of  canopy  gores  is  presented  in 
Table  5. 


TABLE  5.  EFFECT  OF  THE  NUMBER  OF  GORES 

ON  THE  CANOPY  CLOTH  FORCE  LEVELS 
OF  SOLIO  CLOTH  PARACHUTES 


FORCE 

LEVEL 

NUMBER  OF  GORES 

24 

30 

36 

FC1 

0.609F-J. 

0.629Ft 

0.643F-J- 

FC2 

0.793Ft 

0.777Ft 

0.766Ft 

FC3 

0.991  Ft 

0.994Fy 

0.996Ft 

FC4 

0.130Ft 

0.104Ft 

0.087Ft 

As  the  number  of  gores  approaches  infinity  the  apex  angle  >li  approaches  zero 
and  Fci  approaches  F^2 •  In  the  limit: 

i|»  =  0 


Fci  =  Fc2  =  Ft  s^n  =  0.707  Fj 
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A/ARP  YARN 


FIGURE  18  FORCE  RESOLUTION  IN  THE  CANOPY  CLOTH 
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The  force  systems  of  Figure  18  are  tangent  to  the  billowed  canopy  cloth  at 
the  coordinates  Xjyj,  Ypj,  flp|.  Due  to  the  mu  1 1 i -d irec t ions  of  curvature,  the 
actual  angles  of  the  warp  and  fill  directions  to  the  load  line  may  be  distorted 
from  the  theoretical.  The  effects  of  angular  distortions  on  stress  variation 
may  be  examined  by  resolving  the  cloth  tangent  force,  F-p ,  into  two  components 
at  arbitrarily  selected  angles  and  the  stress  variation  assessed.  Care  must  be 
exercised  not  to  assign  unrealistic  angular  excursions. 

FORCE  RESOLUTION  IN  THE  CANOPY  CLOTH  OF  RING  SLOT  PARACHUTES 

Figure  19  is  a  wind-tunnel  test  photograph  of  the  24-gore,  16-percent 
geometrically  porous  parachute  of  Table  2  at  200  miles  per  hour  test  velocity 
(q  =  102.32  psf).  With  reference  to  Figures  19  and  20,  the  inflated  parachute 
gore  center  line  arc  length  is  longer  than  the  mainseam  arc  length.  As  designed 
the  gore  was  flat  and  the  gore  center  line  length  was  actually  shorter  than  the 
mainseam.  This  results  in  a  wider  spacing  of  the  cloth  rings  along  the  gore 
center  line  and  a  subsequent  rake  angle,  a,  at  the  forward  and  rear  hems  of 
the  rings. 

At  the  arbitrary  point  Xfq ,  Yjq ,  fSjq  the  force  Fq>  is  tangent  to  the 
inflated  cloth  ring  and  must  be  resolved  into  two  components  FR  (the  force  in 
the  ring)  and  Ft  (a  tearing  force  tangent  to  the  mainseam), 

A  similar  condition  exists  at  the  trailing  hem  of  the  circumferential  ring, 
but  the  tangent  force  Ft  is  in  opposition  to  the  tangent  force  of  the  forward 
hem.  Let  the  subscript  F  denote  the  forward  edge  of  the  circumferential  ring 
and  the  subscript  R  denote  the  rear  edge  of  the  ring. 

F 

Then  Frf  =  _ I_  (27) 

Cos  otp 

Ftp  =  Fxtanoip  (28) 


Frr  =  --i-  (29) 

C  o  s  ol  p 

FtR  =  F-ptanaR  (30) 

The  values  of  ap  and  oiR  plotted  in  Figure  21  were  estimated  by 
measuring  the  arc  length  of  the  Figure  19  parachute  to  determine  the  rake  angles 
and  angle  locations  as  a  function  of  l/iq.  For  lack  of  any  better  data, 
the  rake  angle  distribution  of  the  74-foot  R  ngslot  Parachute  versus  l/lj 
is  assumed  to  be  similar  to  the  model  parachute. 
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COMMENTS  ON  WIND  TUNNEL  TESTING 

The  limited  rake  angle  data  of  Figure  21  is  caused  by  problems  in  placement 
of  the  camera  during  the  test.  The  camera  coverage  for  use  in  the  original  test 
purpose  was  adequate.  However,  attempting  to  use  available  coverage  for  other 
purposes,  not  envisioned  at  the  time  of  the  test,  gives  poor  rake  angle 
definition  in  the  top  three  circumferential  rings.  In  future  tests  where  rake 

angle  data  is  required  two  cameras  would  be  used:  One  in  the  plane  of  the  skirt 

hem  and  one  in  the  plane  of  the  vent,  or  some  other  approach  which  defines  a 
true  side  view  of  the  entire  inflated  parachute.  This  is  also  true  of  camera 
coverage  of  wind  tunnel  tests  for  all  types  of  parachutes. 

Data  gathering  on  solid  cloth  types  of  parachutes  can  be  enhanced  by 

stripes  of  a.  ternating  colors  woven  into  the  canopy  cloth,  or  printed  on,  during 

manufacture.  These  stripes  of  known  width  and  orientation  in  the  model  provide 
improved  definition  of  warp  and  fill  direction  angles  in  the  inflated  state. 
Striped  patterns  on  radial  reinforcement  tapes  would  also  be  an  aid  in 
determining  where  circumferential  rings  are  located  in  percent  of  gore  length  in 
the  inflated  state.  This  would  minimize  the  discrepancies  between  inflated  and 
constructed  gore  lengths.  Measurement  of  the  elongation  of  a  suspended  gore 
mainseam  assembly  subjected  to  static  forces  in  the  range  of  expected 
suspension-line  forces  before  and  after  the  test  would  also  be  beneficial. 

EXAMPLE  1:  STRESS  ANALYSIS  OF  A  24-GORE  RINGSLOT  PARACHUTE  OF  24-FOOT  D0  DIAMETER 

As  an  example  of  the  stress  analysis  technique,  a  sample  calculation  is 
presented  for  a  24-foot  Dc  diameter,  24-gore  Ringslot  Parachute  for  conditions 
of  200  mph  at  sea  level  air  density.  The  shape  of  the  inflated  steady  state 
canopy  is  taken  as  similar  to  the  24-gore,  16-percent  geometrically  porous 
Ringslot  Parachute  of  Table  2.  The  stress  distribution  of  the  unbillowed  gore 
is  to  be  determined,  and  the  moderating  effects  of  gore  billow  shall  be  compared. 

The  results  of  this  analysis  are  summarized  in  Tables  6  and  7.  The  Table  6 
summary  consists  of  four  sections  (a)  the  canopy  geometry,  (b)  the  normal  force 
per  unit  mainseam  length,  (c)  the  geometry,  forces,  and  pressure  coefficient 
distribution  for  the  unbillowed  gore,  and  (d)  the  geometry,  forces,  and  pressure 
coefficient  distribution  for  the  billowed  gore.  The  tensile  forces  in  the 
circumferential  ring  hems  and  tearing  forces  are  presented  in  Table  7. 

Parachute  surface  area  and  drag  area. 

S  =  1  D2 
o  4  o 

S  =  2L  (  24  )2 
o  4 

sc  =  452.3904  ft2 

CDS0  =  0.55  x  452.3904 

CDS0  =  248.8147  ft2 
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STRESS  ANALYSIS  SUMMARY  OF  THE  24-FOOT,  24-GORE  RINGSLOT  PARACHUTE  OF  EXAMPLE  1 


NORMAL 

FORCE 

UNBILLOWED  GORE 

BILLOWED  G  ; 

r 

-FN/dt 

C 

0 

r 

0 

1 

ft 

CP 

CB 

(_,B 

rB 

O 

Cos0 

IN. 

DEG 

LE-IN 

IN. 

DEG 

IN. 

DEG 

LB/IN. 

IN. 

DEG 

IN. 

DEG 

'12) 

(13*) 

(24) 

(17) 

(18) 

(11) 

(10) 

(33) 

(25) 

(17) 

(18) 

(11) 

2  514 

BEB 

37.916 

86.65 

12.536 

10.481 

1.0170 

— 

37  916 

86.65 

12.536 

10.481 

2.520 

EBS 

13.270 

37.878 

86.51 

12.544 

10.620 

1.0174 

6.751 

37.879 

86.52 

12.543 

10.615 

2.724 

7  276 

13  402 

36.460 

81.11 

12.879 

16.166 

1.0412 

6.977 

36  509 

81.25 

12  874 

16.030 

■>.881 

7  385 

12  509 

75.36 

13.313 

22.025 

1.0787 

7.286 

35.117 

75  68 

13.294 

21  705 

7.471 

13  594 

33  230 

67.77 

14.048 

29.701 

1.1513 

7.825 

33.388 

68.39 

13.986 

29  079 

,044 

7.500 

13  618 

31.485 

59.72 

15.105 

37.780 

1.2652 

8.615 

0.803 

31.703 

60.76 

14.950 

36745 

.044 

7  500 

33  162 

31  432 

59.46 

15.145 

38.040 

1.2697 

21.053 

1.957 

31.651 

60.51 

14.987 

36.992 

:.028 

7.471 

32  938 

30.716 

56.01 

15.712 

41.461 

1.3344 

21.976 

1.969 

30.959 

57.28 

15.484 

40.189 

>.977 

7.385 

32.176 

29  973 

52.50 

16.356 

44.885 

1.4114 

22.706 

1.954 

30.241 

54.05 

16.030 

48.335 

763 

7  045 

29.383 

28  403 

45.39 

51.655 

1.6119 

23.681 

1.859 

28.724 

47.66 

17.267 

49.385 

•..369 

6.491 

25.265 

26.628 

37.82 

58.671 

1.9232 

24.295 

1.695 

27.010 

41.25 

18.762 

55.246 

729 

5.739 

20.512 

24.505 

29.21 

66.529 

2.5107 

25.750 

1.508 

24.958 

34.75 

20.579 

60.992 

* 

730 

4  813 

15.822 

21  817 

18.00 

34.725 

76.813 

4.3834 

34.688 

1.406 

22.361 

28.35 

22.597 

66.463 

4.294 

13  704 

20.205 

10.64 

54.407 

83  654 

9.0465 

61.986 

1.604 

20.804 

26.14 

22  802 

68.155 

891 

4.186 

13.306 

19.811 

5.58 

101.718 

88.606 

41.0969 

273.412 

- 

- 

- 

375 

4.175 

13  270 

19.773 

5.02 

112.849 

89.155 

67.7921 

449.782 

- 

- 

-- 

- 

859 

4.164 

13.229 

19.735 

4.38 

129.090 

89.784 

265.2304 

1754.351 

13.590 

- 

- 

- 

* 

843 

4.153 

13.189 

19.701 

4.11 

137.199 

90.039 

1465.539 

9664.166 

99.142 

- 

- 

- 

- 

203 

3.742 

11.812 

18.260 

- 

- 

- 

- 

- 

... 

18.924 

23.38 

23  190 

70.362 

2 

173 

3  162 

10.181 

16.046 

- 

- 

- 

- 

- 

- 

16.785 

22.77 

21.118 

70.392 

* 

934 

2.559 

8.838 

13.487 

- 

- 

- 

- 

- 

- 

14.312 

24.89 

16.474 

2 

471 

1.936 

7  797 

10.541 

- 

- 

- 

- 

- 

- 

11.480 

30.65 

61.286 

2 

794 

1.299 

7  059 

7.280 

- 

- 

- 

- 

_ 

- 

8.315 

42  07 

5.663 

49.232 

1 

984 

0.665 

6.626 

3.792 

- 

- 

- 

- 

- 

- 

4.945 

64.38 

26  282 

1 

3/9 

0.326 

6  511 

1.869 

- 

_ 

- 

- 

3.087 

90.33 

0.979 

0.0 

1 

NUMBER  OF  THE  FORMULA  USED  TO  CALCULATE  THE  DESIGNATED  VARIABLE 


N. 

Rc  =  144  IN. 

Po 

=  18° 

IFN/Fi  =  0.003491 

iN. 

Rg  =  149.035  IN. 

V 

=  7.5° 

N. 

CH  =  37.916  IN 

7 

=  7.249 

Ft  =  1115.227  LB 

N. 

T  -  145  243  IN. 
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T PARACHUTE  OF  EXAMPLE  1 


’RE 

1 

BILLOWED  GORE 

1 

:oso 

LB/IN. 

(10) 

CB 

IN. 

(25) 

(-)B 

DEG 

(17) 

rB 

IN. 

(18) 

O 

DEG 

(11) 

_1 _ 

Cos0 

ft 

LB/IN. 

(10) 

CP 

(33) 

1.0170 

— 

— 

- 

37.916 

86.65 

12.536 

10.481 

1.0170 

- 

- 

6  751 

0  758 

37.879 

86.52 

12.543 

10  615 

1.0174 

6.521 

0.732 

1.0412 

6  977 

0.763 

36.509 

81.25 

12.874 

16.030 

1.0405 

6.972 

0.762 

1.0787 

7  286 

0  770 

35.117 

75.68 

13.294 

21  705 

1.0763 

7.266 

0.769 

i.1S13 

7.825 

0  784 

33.388 

68.39 

13.986 

29.079 

1.1442 

7.777 

0.783 

1.2652 

8.615 

0.803 

31.703 

60.76 

14.950 

36.745 

1.2480 

8.497 

0.800 

2697 

21.053 

1.957 

31.651 

60.51 

14.987 

36.992 

1.2520 

20.760 

1.950 

.3344 

21.976 

1.969 

30.959 

57.28 

15.484 

40.189 

1.3090 

21.559 

1.960 

.4114 

22  706 

1.954 

30.241 

54.05 

16.030 

48.335 

1.3748 

22.119 

1.942 

.6119 

23  681 

1.859 

28.724 

47.66 

17.267 

49.385 

1.5362 

22.569 

1.840 

.9232 

24  295 

1.695 

27.010 

41.25 

18.762 

55.246 

1.7542 

22.160 

1  662 

.5107 

25  750 

1.508 

24.958 

34.75 

20.579 

60.992 

2.0621 

21.149 

1.447 

.3834 

34.688 

1.406 

22361 

28.35 

22.597 

66.463 

2.5041 

19.815 

1.234 

.0465 

61.986 

1.604 

20.804 

26.14 

22.802 

68  155 

2.6874 

18.414 

1.137 

09F9 

273.412 

3.783 

- 

- 

- 

- 

- 

- 

- 

.7921 

449.782 

5.610 

- 

_ 

- 

- 

- 

- 

- 

1754.')51 

13  590 

- 

- 

- 

•- 

- 

- 

- 

539 

9664.166 

99.142 

- 

- 

- 

- 

- 

- 

- 

~ 

- 

18.924 

23.38 

23.190 

70.362 

2.9755 

17.573 

1.067 

•• 

16.785 

22.77 

21.118 

70.392 

2.9799 

15.169 

1.011 

... 

- 

14.312 

24.89 

16.474 

67.669 

2.6318 

1 1 .630 

0.994 

- 

- 

11.480 

30.65 

10.731 

61.286 

2.0814 

8.115 

1.064 

- 

- 

8.315 

42.07 

5.663 

49.232 

1.5314 

5.405 

1.344 

- 

- 

4.945 

64.38 

2.200 

26  282 

1.1153 

2.3637 

- 

- 

3087 

90.33 

0.979 

0.0 

1.0000 

4.679 

ED  VARIABLE 
Ft  -  0.003491 


F  i  =  1115.227  LB. 
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TABLE  7.  TENSILE  FORCES  IN  THE  HEM  OF  THE  CIRCUMFERENTIAL  RINGS  AND 
TEARING  FORCES  AT  THE  GORE  MAINSEAM  OF  THE  RINGSLOT 
PARACHUTE  OF  EXAMPLE  1. 


R 

WT 

m 

_  *  * 

aF 

DEG 

FRF 

Ib/in 

FtF 

Ib/in 

~  ** 

aR 

DEG 

FRR 

Ib/in 

FtR 

Ib/in 

(27) 

(28) 

(29) 

(30) 

0 

0 

6.5 

23 

7.06 

2.76 

19 

.132 

7.86 

20.4 

8.39 

2.92 

22.043 

.153 

8.19 

16.75 

8.55 

2.45 

41.043 

.285 

22.33 

1 

13.7 

22.98 

5.44 

44.086 

.306 

63.086 

.438 

|  RAKE  ANGLE  DATA  UNAVAILABLE 

.  FROM  FIGURE  27  FOR  BILLOWED  GORE  CONFIGURATIONS 
•  *  FROM  FIGURE  21 

t  NUMBERS  IN  THE  PARENTHESES  CORRESPONDS  TO  THE  EQUATION 
USED  TO  CALCULATE  THE  DESIGNATED  VARIABLE 
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Dynamic  pressure  and  parachute  drag  force  at  200  mph 

q  -  IpV2 
2 

=  0.002378  (293)2 
2 

q  =  102.31  lb/ft2 
FD  =  q  C0So 

Fu  =  102.31  x  248.8147 

F0  =  25456.2340  lb 

Suspension  line  force,  F^ 

(30  =  18°  (measured  from  Figure  19) 

Fl  =  _!n— 

ZCos0o 

F  =  25456.2340 
1  24  x  Cos  18° 


FL  =  1115.2612  lb 


Rc 


=  Do 


2 


Rr  =  Hi.  x  12 


Rr  =  144  inches 


n : 
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CH  =  2Rctan<|i 


=  2xl44tan7 .5‘ 


CH  =  37.9159  inches 


Cos  4j 


Cos  7.5' 


=  145.2426  inches  nominal  unstressed  gore  mainseam  length. 

Determination  of  the  unbillowed  gore  widths  as  a  function  of  the  l/lj 
ratio. 

The  mainseam  arc  length  calculations  are  summed  from  the  canopy  hem  to  the 
canopy  vent.  Therefore: 

C_  =  V?  = 

CH  RC  lT 


C_  =  1  _  JL. 


C  =  C, 


"  (‘ '  *) 


Determination  of  the  inflated  canopy  arc  length,  and  arc  length  ratio 


l/i-T- 


(-t) 


v  ■ 1  "V1  -  Ik) 


*When  x>0  use  b'  in  calculations.  When  x<0  use  (-b). 
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From  Table  2  the  inflated  parachute  shape  parameters  are: 

IE  =  0.694;  k  =  0.580;  kk  =  0.9053;  k  =  0.809 
a  a  a 


For  a  DQ  =  24  feet 

a"  =  99.936  inches;  b  =  57.9629  inches;  b'  =  90.4721  inches;  N  =  80.8482  inches. 

Equations  5,  6,  and  8  were  programmed  to  calculate  X,  Y,  l,  and  L/lx  for 
selected  angles  from  the  canopy  hem  to  the  vent.  The  effect  of  varying  the 
value  of  dl3/2  on  the  calculated  accuracy  of  &x  f°r  various  d0/2  iterations 
was  analyzed  by  assigning  dfi/2  values  of  0.1,  0.5,  1.0,  2.0  and  comparing  the 
resulting  values  of  ix-  The  accuracy  of  the  four  determinations  of  arc 
length  can  be  judged  by  their  differences  as  listed  in  Table  8.  Arc  lengths 
calculated  for  d(3/2=2°  are  accurate  to  the  second  decimal  compared  to  the  arc 
length  calculated  for  d(3/2=0.1°. 


TABLE  8.  ACCURACY  OF  ARC  LENGTH  CALCULATIONS  FOR  VARIOUS  VALUES  OF  d/3/2 


NSWC  TR  84-204 


The  angle  $  is  an  important  parameter  in  the  stress  analysis  since  it 
denotes  a  stress  concentration  factor  which  determines  the  maximum  cloth 
stress.  The  canopy  vent  is  the  most  likely  maximum  stress  location  and  occurs 
at  l/tf  =  0.9507  in  the  example. 

Then  Cv  =  CH  ^1  -  1-^  (24) 


CV  =  37.9159  (1  -  .9507) 


Cy  -  1 .8692  in 


and  f  =  YN  sin  (12) 

f  =  7.5017  sin  7.5° 

f  =  0.9792  in 

Cv 

-1  =  0.9545 
2  f 


Values  of  C/2f  of  less  than  1.00  indicate  a  high  stress  condition.  Other 
high  stress  indicators  are  the  reduction  of  the  gore  billow  angle  6  to  zero 
degree  which  results  in  an  infinite  local  radius  of  curvature,  or,  from  equation 
(11),  the  angle  4>  becomes  90  degrees  when  6  =  it*'  and  1/Cos  90°  = 

*  =  90  -  6  +  (11) 

For  the  unbillowed  gore  of  example  1  the  infinite  radius,  0=0°,  condition 
occurs  at  a  fyg  =  56.6  degrees,  and  the  $  =  90°  condition  occurs  at  !;^  = 

-56.3  degrees. 

The  need  for  addition  of  billow  to  the  gore  to  reduce  cloth  stress  to  a 
manageable  level  has  been  established,  and  the  next  step  is  to  determine  the 
amount  of  billow  to  be  provided.  The  maximum  allowable  billow  C'  is: 

C'  =  2f  L'  +  (14) 

V  Cost'  \  2  J 

»|»  *  =  sin'^fsin'J/  CosO^]  ( 1 3a  ) 


from  the  arc  length  calculations  1/  l-p  =  0.9507  occurs  at  a  =  -87.5°, 
Yn  =  7.5017  in 
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4)'  =  sin~^[sin  7.5  Cos  -87.5] 


4)'  =  0.3262  degree 


f  =  Yn  sin  4> 


f  =  7.5017  sin  7.5 


f  =  0.9792  in. 


C  >  =  2x.9792 

V  Cos  0.3262 


(♦’  *  f) 


C'  =  3.0871  in. 
V 


and  the  local  radius  of  curvature 


=  3.0871x57.3 
2x90.3262 


r  =  0.9792  in. 


The  ratio  of  billowed  to  unbillowed  gore  width  at  the  vent  is: 


V  =  3.0871 
Cv  1.8692 


C' 

_ 1  =  1.6516 

C\/ 


The  unbillowed  gore  can  be  restructured  to  a  billowed  configuration  as  shown  in 
Figure  23. 


45 


NSWC  TR  84-204 


CH  - 
Cany  =  „ 


C’V=  CH  = 


c, 


2Rg  2 ( Rg-Ry ) 


when  Cy  =  C'y 


tan  y  =  37.9159-3.0871 
2xl44x.9507 


tan  y  =  0.1272 


Y  = 


Rg  = 

Rg  = 

Rg  - 


tan 


7.2493° 

CH 

2tany 

37.9159 

2x0.1272 

149.0352  inches 

y  =  _ 

2 ( Rg-R) 


R  =  Rc  f 


rB 


2  tan  y 


Cg  =  2(Rg-R)  tany 
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In  the  computation  of  the  mainseam  normal  force  per  unit  length,  the  local 

cIR  dB 

arc  length  dl  is  the  particular  gore  length  from  Rfj  “  2  to  +  2 

The  geometry,  force,  and  pressure  coefficients  for  the  billowed  and  unbillowed 
gores  were  calculated  for  various  (3fj  from  the  canopy  hem  to  vent  and  listed  in 
Table  6.  The  several  variables  were  calculated  by  means  of  the  formulas  listed 
in  parenthesis  in  each  column.  The  order  of  calculation  is  the  same  as  the 
order  of  presentation.  Graphs  of  the  several  variables  as  related  to  percent  of 
the  gore  length  are  illustrated  in  Figures  24  throug  28  for  billowed  and 
unbillowed  gore  designs.  The  affect  of  gore  billow  on  stress  relief  is  clearly 
illustrated . 


CANOPY  PRESSURE  DISTRIBUTION 

An  advantage  of  the  load-line  approach  to  canopy  force  analysis  is  that  it 
presents  an  opportunity  to  estimate  a  theoretical  static  pressure  distribution 
over  the  canopy  surface.  This  approach  is  called  a  static  pressure  distribution 
because  it  does  not  include  the  dynamic  effects  of  fluttering  cloth,  canopy 
oscillations,  or  changing  air  flow  patterns  due  to  canopy  inflation. 


THE  FULLY  INFLATED  STEADY  STATE 

The  preceding  force  analysis  resolved  the  parachute  drag  force,  Fp,  into 
components  which  were  tangent,  F^,  and  normal,  EFn,  to  the  load  line.  The 
stress  tangent  to  the  canopy  cloth,  FT,  was  then  derived  from  the  normal 
forces  per  unit  arc  length,  £FN/dJ,.  The  canopy  cloth  stress  may  be 
expressed  as: 


FT  =  APr 


(31) 


ZFV  1 

FT  =  _ il _ 1 _ 

d  8,  2Cos$ 


(  10) 


APr 


1 

2Cos$ 


Substituting  equations  (3a)  and  (4)  for  EF;;  and  solving  for  the  pressure 
coefficient  at  any  point  (X^j,  Y^,  (3N)  on  the  load  line. 


CPN 


US 
D  o 

1  XCosBr 


s indfl/ 2 
rd  HCos<t> 


(32) 


Equation  (32)  illustrates  the  variables  which  affec1-  the  local  pressure 
coefficient.  Another  advantage  of  the  load-line  approach  is  that  the  cloth 


MAX  INFLATED 
DIAMETER 
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PERCENT  OF  GORE  MAINSEAM  LENGTH 


FIGURE  25.  EFFECT  OF  GORE  BILLOW  ON  THE  GORE  BILLOW  ANGLE  FOR  THE  RINGSLOT  PARACHUTE 
OF  EXAMPLE  1 


RADIUS  OF  CURVATURE  INCHES 
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PERCENT  OF  GORE  MAINSEAM  LENGTH 


FIGURE  26.  EFFECT  OF  GORE  BILLOW  ON  THE  CANOPY  CLOTH  RADIUS  OF  CURVATURE 
FOR  THE  RINGSLOT  PARACHUTE  OF  EXAMPLE  1 


PERCENT  OF  GORE  LENGTH 


FIGURE  27.  CANOPY  CLOTH  TANGENTIAL  FORCE  PER  UNIT  LENGTH  VERSUS  PERCENT  OF  GORE  LENGTH 
FOR  THE  RINGSLOT  PARACHUTE  OF  EXAMPLE  1 
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J  * 


UNBILLOWED 

GORE 


PERCENT  OF  GORE  LENGTH 


FIGURE  28.  EFFECT  OF  GORE  BILLOW  ON  THE  ANGLE  AND  STRESS  CONCENTRATION  FACTOR 
FOR  THE  RINGSLOT  tc  qc  rY/ypno,  r  i 


i3 
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tangent  force,  FT ,  and  local  radius  of  curvature,  r,  have  been  previously 
independently  calculated.  Therefore,  a  more  convenient  form  of  pressure 
coefficient  is: 

Ft  =  APr 

-  APr  -  AP 
qr  qr  q 


CPN  = 


_T 

qr 


(33 


Reference  5  utilizes  an  average  steady  state  parachute  pressure  coefficient  to 
calculate  the  reference  inflation  time,  t0,“  of  several  types  of  solid  cloth 
parachutes.  The  average  pressure  coefficient  was  estimated  as  follows.  The 
parachute  steady  state  drag  force  may  be  expressed  in  two  ways: 


FD  -  q  C0So 
F[)  =  APavsp 


where  Sp  is  the  projected  area  of  the  inflated  canopy. 

APav^p  -  *1  cD^o 


CP. 


AP  _  CnS 
av  -  Do 


S 


P 


2a) 


The  instant  during  inflation  when  the  design  drag  area  of  the 
been  achieved  for  the  first  time  is  designated  as  tn. 


parachute  has 


54 
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0 

Ki  =  _E 

D., 


2  2 


C,_S  C_(  ir/4)D- 
0  o  =  _D _ o_ 

sp  (it/4)  D2K2 
o  1 


C  S  C 

CPav  =  JL£  =  _D 

bp  K- 
1 


(34) 


For  a  flat  circular  parachute  with  a  CD  =  0.75  and  Dp/DQ  =  2/3. 


CP 


av 


0.75 

( 2/ 3 ) 2 


CPav  =  1.688 


The  average  pressure  coefficient,  CPav,  of  a  fully  inflated  parachute  in 
steady  state  is  the  parachute  drag  coefficient  referenced  to  the  inflated  canopy 
projected  area  and  is  subject  to  variation  by  all  of  the  parameters  that  usually 
alter  drag  coefficients:  i.e.,  cloth  permeability,  suspension-line  length,  etc. 

The  average  pressure  coefficient  depends  upon  the  canopy  drag  coefficient 
and  projected  diameter.  Since  these  values  vary  for  a  given  type  of  parachute, 
a  range  of  average  steady  state  pressure  coefficients  is  to  be  expected.  Table 
2.1  of  Reference  4  lists  the  value  range  of  these  parameters  for  solid  textile 
parachutes.  Table  9  lists  the  expected  average  pressure  coefficient  range  based 
on  Equation  (34)  for  the  data  of  Reference  4. 

The  estimated  static  pressure  distribution  for  the  Ringslot  Parachute  of 
example  1  is  tabulated  in  Table  6  and  graphically  illustrated  in  Figure  29. 
Figure  29  indicates  an  apparent  radical  shift  in  static  pressure  distribution 
between  the  unbillowed  and  billowed  canopy  gores.  This  is  due  to  the  4>  angle 
stress  concentration  factor  causing  the  tangent  force  in  the  unbillowed  gore  to 
increase  at  a  greater  rate  than  the  local  radius  of  curvature. 
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TABLE  9.  RANGE  OF  AVERAGE  STEADY  STATE  CANOPY  PRESSURE  COEFFICIENTS 


PARACHUTE 

TYPE 

CD 

VDo 

CP 

av 

FLAT 

0.75 

0.70 

1.531 

CIRCULAR 

0.80 

0.67 

1.782 

EXTENDED 

0.78 

0.70 

1.592 

SKIRT 

0.87 

0.66 

1.997 

RINGSLOT 

0.56 

0.67 

1.247 

0.65 

0.70 

1.326 

CROSS 

0.60 

0.72 

1.157 

0.78 

0.66 

1.791 

Table  10  is  a  survey  of  the  effects  of  gore  billow  on  the  canopy  pressure 
distribution.  Several  values  of  were  selected  and  the  billow  at  each  Bn 
studied  by  varying  the  billowed  gore  half  angle  from  -  y  =  7.5  degrees  to 
the  y  associated  with  the  maximum  allowable  billow  at  the  canopy  vent  hem  of 
Y  =  7.249  degrees.  For  Bn  of  -60  degrees  and  -87.5  degrees,  y  was  limited 
to  7.45  instead  of  7.5.  At  Bn  =  -60  degrees  the  triangular  gore  still  has 
stress  problems  for  y  >  7.3  degrees.  At  all  other  Bn  angles  the  pressure 
coefficients  are  only  slightly  affected  by  billow. 

The  shift  in  the  theoretical  pressure  distribution  at  the  maximum  inflated 
diameter  is  due  to  the  variation  of  the  minor  axis  length,  from  b'  to  b,  in  the 
inflated  shape.  The  calculated  pressure  distribution  at  the  canopy  skirt  hem  is 
less  than  one;  however,  the  canopy  skirt  hem  circumferential  rings  of  Ringslot 
Parachutes  have  been  observed  to  flutter  in  field  tests  indicating  a  low  value 
of  pressure  differential. 


ESTIMATED  STATIC  PRESSURE  COEFFICIENT 
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DEFINITIONS 


LOAD  LINE 

A  theoretical  replacement  of  the  parachute  suspension  line  and  canopy 
mainseam  from  the  suspension-line  confluence  point  to  the  canopy  vent.  The  load 
line  has  the  identical  shape  of  the  inflated  parachute  mainseam. 

NORMAL  FORCE 


The  distributed  perpendicular  force  along  the  load  line  which  provides  the 
inflated  canopy  shape. 

PLANE  OF  ANALYSIS 

The  geometric  plane,  perpendicular  to  8N>  which  contains  the  gore 
mainseam  coordinates  XN,  YN,  I3N  of  the  surface  under  analysis  and  the 
parachute  center  line. 

TANGENT  FORCE 


Tensile  force  in  the  load  line  that  is  tangent  to  the  load  line  at  any 
arbitrary  point. 
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A 

2  a 

b 

b' 

C 

C' 

C180 

CD 

CdsO 

CPN 

Dp 

d  i 

dm 

Do 

Dp 

Dr 


NOMENCLATURE 


Perpendicular  distance  from  the  tangent  at  the  point  X^,  Y^  on 
the  load  line  to  the  parachute  center  line 


Maximum  inflated  diameter  of  the  gore  mainseam 


Minor  axis  of  the  ellipse  bounded  by  the  major  axis  a  and  the  vent 
of  the  canopy 

Minor  axis  of  the  ellipse  which  includes  the  canopy  skirt  hem 

Circumference  of  the  billowed  gore  and  the  width  of  the  gore  at  the 
point  which  is  under  analysis 

Theoretical  billowed  gore  circumference  for  minimum  cloth  stress 

Theoretical  billowed  gore  circumference  for  a  subtended  angle  of 
20  =  180  degrees 

Parachute  drag  coefficient 

Parachute  steady  state  drag  area,  ft- 

Pressure  coefficient  at  the  point  X^,  Yjq, 

Flat  constructed  canopy  diameter 

Incremental  length  along  the  load  line,  inches 

Mouth  diameter  of  the  inflated  canopy,  measured  at  the  junction  of 
the  gore  mainseam  and  the  canopy  skirt  hem 


Nominal  canopy  diameter 


Projected  diameter  of  an  inflated  parachute 

Design  diameter  of  elliptical  and  hemispherical  shaped  gore  canopies 

Axial  force  used  to  verify  the  drag  force  component  per  suspension 
line  in  the  load-line  force  distribution  =  Fp./Z,  lb 
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NOMENCLATURE  (Cont.) 

Forces  in  the  warp  and  fill  cloth  directions  in  a  bias  cut  canopy, 
lb/in. 

Forces  in  the  warp  and  fill  cloth  directions  in  a  block  cut  canopy 
lb/ in . 

Total  parachute  drag  force,  lbs 

A  component  of  the  distributed  load-line  normal  force  which  is 
tangent  to  the  billowed  cloth  at  the  load  line  -  cloth  mainseam, 
lb/ in. 

Summation  of  the  normal  forces  at  a  point  on  the  load  line,  lb 

Parachute  suspension-line  force,  lbs;  also  the  tension  force 
tangent  to  the  load  line  at  any  arbitrary  point 

Summation  of  the  normal  forces  at  a  point  on  the  load  line,  lb 

Stress  in  the  forward  hem  of  a  Ringslot  Parachute  circumferential 
ring,  lb/in. 

Stress  in  the  rear  hem  of  a  Ringslot  Parachute  circumferential 
ring,  lb/in. 

Stress  tangent  to  the  gore  mainseam  at  the  forward  hem  of  a 
Ringslot  Parachute  circumferential  ring,  lb/in. 

Stress  tangent  to  the  gore  mainseam  at  the  rear  hem  of  a  Ringslot 
Parachute  circumferential  ring,  lb/in. 

Inflated  parachute  chord  line  between  two  adjacent  load  lines  at 
the  point  Xfj,  YN,  fifj 

Scale  factor  =  2a/DQ,  or  Dp/DQ 
Diameter  of  the  cross-type  parachute 
Suspension  line  length 

Canopy  depth  is  the  distance  from  the  skirt  hem  of  the  canopy  to 
the  vent  of  the  canopy  along  the  parachute  center  line 

Pressure  differential  between  the  inside  and  outside  of  the 
parachute  canopy  at  the  point  X  ,  Ypg,  Bfj ,  psf 

Pressure  differential  acting  on  the  inflated  canopy  projected  area 
ps  f 

Dynamic  pressure  =  1/2  pV^,  psf 
Billowed  gore  radius  of  curvature 
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V 

W 

X,  Y 


XN)  YN 


Z 


«F 


«R 


8 


<*N 


®o 

d(3 

Y 

e 


e' 


M 


P 


T 

4> 


NOMENCLATURE  (Cont.) 

Billowed  gore  radius  of  curvature  for  minimum  stress 
Canopy  reference  area  =  it/ 4  D5,  ftz 

O 

Inflated  canopy  projected  area,  ft^ 

Trajectory  velocity,  fps 

Width  of  the  arm  of  a  cross-type  parachute 

Coordinates  in  the  plane  of  analysis  is  that  contains  the  load  line 

Coordinates  of  the  point  under  analysis  where  the  normal  force  is 
considered  to  be  acting 

Number  of  gores  in  the  parachute 

Rake  angle  on  the  leading  hem  edge  of  a  Ringslot  Parachute 
circumferential  ring,  degrees 

Rake  angle  on  the  trailing  hem  edge  of  a  Ringslot  Parachute 
circumferential  ring,  degrees 

Slope  angle  at  the  point  X,  Y  between  the  load  line  and  the 
parachute  center  line,  degrees 

Slope  angle  at  the  point  X^,  Y^  between  the  load  line  and  the 
parachute  center  line,  degrees 

Semi-vertex  angle  between  the  suspension  lines  and  the  parachute 
center  line,  and  tangent  angle  of  the  mainseam  canopy  hem,  degrees 

A  small  change  in  angle  13,  degrees 

Semi  vertex  angle  of  the  billowed  parachute  gore,  degrees 

Central  angle  subtended  by  the  billowed  gore,  degrees 

Central  angle  subtended  by  the  billowed  gore  for  minimum  stress, 
degrees 

Smaller  acute  angle  between  the  tapered  gore  edge  and  the  direction 
of  the  fiber  in  a  bias  cut  gore,  degrees 

Air  density,  slugs  per  ft-* 

Angle  between  the  billowed  gore  radius  of  curvature  and  the  length 
A,  degrees 

Angle  between  the  load  line  normal  force  and  the  force  tangent  to 
the  canopy  cloth  at  the  load  line,  degrees 
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NOMENCLATURE  (Cont.) 

Angle  subtended  by  a  parachute  gore  in  the  plane  of  the  canopy 

mouth  =  360°/Z;  also  the  unbillowed  gore  vertex  angle,  degrees 

Angle  subtended  by  a  parachute  gore  in  the  plane  perpendicular  to 

the  load  line  at  the  point  X^,  Yn,  ^N >  degrees 
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